Background: Although a number of technical problems and donor safety issues associated with living donor liver transplantation (LDLT) have been resolved, some initial clinical studies showed an increased risk of hepatocellular carcinoma (HCC) recurrence in LDLT. This meta-analysis was conducted to assess differences in tumor recurrence between LDLT and deceased donor liver transplantation (DDLT). Methods: After systematic retrievals of studies about LDLT and DDLT for HCC, articles were selected with a rationale of emphasizing inter-group comparability. Results from multivariate analyses were combined and discussed together with univariate analyses. In subgroup analysis, the impact of organ allocation policy was taken into consideration. Results: Seven articles were included in the meta-analysis. Overall, a salient result that emerged from the seven studies was a significant increased risk of HCC recurrence in the LDLT group than in the DDLT group (P = 0.01). The most significant increase in hazard ratio was found in studies where organs tended to be allocated to non-tumor patients. Conclusions: An increased risk for HCC recurrence in LDLT as compared with DDLT patients was found. The relatively shorter preoperative observation windows in LDLT may lead to fewer cases of HCC with invasive features being screened out, which may provide a possible explanation for the high rates of HCC recurrence.
Introduction
Early stage hepatocellular carcinoma (HCC) has become one of the major indications for liver transplantation since successful transplantations for HCC were initially reported by Mazzaferro et al. [1] Liver transplantation has also been reported be beneficial to patients with relatively advanced HCC. [2, 3] However, the shortage of deceased liver donors has limited the supply and therefore the application of deceased donor liver transplantation (DDLT). As a result, living donor liver transplantation (LDLT), which provides an alternative for patients waiting for DDLT, has markedly increased of late, especially in East Asia. Although a number of technical problems and donor safety issues associated with LDLT have been resolved, one problematic finding was an increased risk of HCC recurrence in LDLT as reported in some initial clinical studies. [4, 5] While it has been speculated that differences in HCC staging or features prior to transplantation may contribute to this recurrence of HCC following LDLT, this issue has yet to be resolved and concerns regarding the impact of LDLT as related to HCC recurrence remain.
During LDLT, the main branches of recipient's portal vein and hepatic artery, as well as the hepatic vein and retrohepatic segment of the inferior vena cava, are typically preserved. This procedure may increase the potential of HCC residue and dissemination. Moreover, the relatively small-sized grafts that are usually used with living donors will quickly grow after LDLT with the result that HCC colonization or growth may be accelerated under such conditions. There are data from animal studies which support such a conclusion. For example, Picardo et al [6] reported increases in HCC growth and cytokine growth factor expression within a partial hepatectomy in a rat model. Similar results were reported by Yang et al [7] in a rat orthotopic liver transplantation model. Therefore, the high recurrence of HCC in LDLT may result from these surgical techniques and use of a small graft in LDLT. As a result of these findings from clinical and animal studies, serious concerns remain regarding LDLT in patients with HCC. Such concerns are revealed in clinical reports where patients with tumors close to the main branches of vessels were only offered DDLT for liver transplants as performed in the Toronto General Hospital [8] ; and only patients with HCC in United Network for Organ Sharing (UNOS) T2 stage were considered as candidates for LDLT in the Niguarda Ca' Granda Hospital. [9] Further, the issue of LDLT in patients with HCC raises many ethical and clinical questions. For example, should this risk be explained to the donor and ethics committee? Should special criteria for LDLT be established? Should changes in surgical techniques or graft size be implemented to reduce HCC recurrence risk in LDLT?
Currently, no randomized clinical trial has been conducted as related to organ driven transplantations. Only findings from retrospective studies have supplied some evidence that can be used to address this issue at present. Though systematic reviews and/or meta-analyses [10] [11] [12] exist, variables associated with these reports lack sufficient descriptions. While cohort studies of large samples can provide important information on the relationships between observed factors and events and control for major confounding factors, the complicated nature of liver transplantation limits their utility. Factors including patient selection, donor preservation, surgical technique, posttransplantation treatment, and anti-HCC therapies all contribute to complexities involved with liver transplantation. Moreover, discrepancies in selection criteria, death, and dropout prior to liver transplantation have not received sufficient consideration, and characteristics correlating with HCC staging should also be included in these analyses. Donor livers are allocated by deferent national regulations, which vary among countries or regions. In most countries/regions, priorities are afforded to patients with relatively small HCC. [13, 14] Thus, patients receiving a DDLT comprise a special population of patients with HCC, often in early stages of the disease, with relatively high model for end-stage liver disease (MELD) scores, long waiting periods and favorable prognoses. As recipients in most cases of LDLT are designated by the living donor, the criteria for LDLT in HCC are not the same as those for DDLT. Patients with advanced HCC are more likely to receive LDLT. In clinical practice, characteristics indicating high risks for HCC recurrence are taken into consideration for each patient selected, which may be more precise than that of a stratified HCC staging criterion. Thus discrepancies in HCC features between LDLT and DDLT may remain, even after adjusting for HCC staging. Therefore, detailed characteristics in patient selection should be discussed in any meta-analysis.
We conducted the present meta-analysis after selecting articles based on a rationale emphasizing inter-group comparability. Articles with significant differences in HCC staging and post-transplantation anti-tumor therapies between groups were excluded. Several items were used to grade articles as supplements to the Newcastle-Ottawa scale (NOS), including adjuvant therapy, MELD score, non-tumor factors, patient selection, recurrence rate of HCC, waiting period, patient survival, and methods used to determine HCC staging and screen for tumor recurrence. Results from multivariate analyses were combined and discussed together with univariate analyses. Taken together, we found that a higher incidence of HCC recurrence was observed in LDLT as compared with that of DDLT after adjusting for HCC staging.
Methods
Literature review "Cochrane Library," "PubMed," and "Embase" databases were reviewed and included the period from databases build up until October 1, 2017. Search strategies included the keywords "Liver Transplantation," "Hepatocellular Carcinoma," "Living Donor," "Recurrence Rate," and their synonymous terms [Supplementary Table S1 , http://links.lww.com/CM9/A45]. After removal of duplicate articles, titles and abstracts were independently reviewed and assessed by two authors (HZ, YS). Further reviews of full texts were conducted in the same manner to establish whether details of articles met inclusion criteria. Bibliographies from all reviews and reports were examined to identify additional studies for potential inclusion in our analysis.
Evidence quality assessment
After identifying articles for inclusion in the review, a risk of bias was assessed with use of the NOS [Supplementary Table S2 , http://links.lww.com/CM9/A45]. [15] Articles with less than four stars were regarded as low quality and excluded. A further bias assessment was conducted based on items suggested by transplant experts from the National Clinical Research Center for Digestive Disease, which may have serious impact on the result of analyses. Three items in each category were generated to assess biases in "selection," "comparability," and "precision" [ Table 1 ]. According to these inclusion criteria, studies involving only comparisons of unadjusted cumulated tumor recurrences between groups with non-comparable baseline data (HCC staging or post-transplantation anti-HCC therapies) of HCC were excluded. As multivariate analysis and propensity score matching were employed in some studies, baseline discrepancy and statistical matching were both taken into consideration. In univariate analyses, comparisons for HCC recurrence required that they should be conducted between LDLT and DDLT groups with similar HCC staging. In the analysis for HCC recurrence, type of donor (LDLT vs. DDLT) and clinical/pathology information on staging of HCC were required for inclusion in the multivariate models.
Inclusion and exclusion criteria
Inclusion criteria: (1) reports written in English; (2) cohort studies (prospective and retrospective) with HCC recurrence information in LDLT and DDLT groups.
Exclusion criteria: (1) duplicated reports; (2) case reports and studies with samples less than five in LDLT or DDLT group; (3) reviews without origin data; (4) studies including tumors other than HCC (eg, cholangiocarcinoma) and required data of HCC were not showed alone; (5) HCC staging in LDLT or DDLT group were missing Chinese Medical Journal 2019;132 (13) www.cmj.org and HCC staging was not adjusted in analysis either; (6) data overlapping with any included report; (7) reports received less than four stars according to NOS; (8) unadjusted statistical difference (P 0.05) existed in HCC staging at the time of transplantation or in anti-HCC therapies after transplantation between LDLT and DDLT groups; (9) unadjusted discrepancy in patient selection criteria of HCC characteristics between LDLT and DDLT groups.
Outcome measurement
The hazard ratio (HR) that based on accumulated HCC recurrence rates after liver transplantation served as the only outcome measure in the current analysis. Adjusted HRs in multivariate analyses were extracted for the metaanalysis. Unadjusted HRs in univariate analyses were estimated as based on the number of HCC recurrences and P value for accumulated recurrence rates between groups. When only HCC recurrences were defined as the event used in the estimation of recurrence/relapse-free survival (RFS), the P value calculated in analyses of RFS comparison can also be used. However, HCC recurrence and patient death were set as a combined endpoint in the calculation of disease-free survival (DFS). Results of comparisons for DFS were screened and eliminated from the analysis. O-E and variance were calculated following methods described previously [16] and were combined using Review Manager 5.3 software (Cochrance Collaboration, UK).
O-E and variance were calculated by HR and its 95% confidence interval using the following equations. [16] 
O-E and variance were calculated as based upon the number of events and P values using the following equations.
[16]
where O ri denotes observed number of events in the research group; O ci denotes observed number of events in the control group; E ri denotes log rank expected number of events in the treated group; E ci denotes log rank expected number of events in the control group; and 1/V ri denotes Mantel-Haenszel variance of the log HR.
Results
A summary of the processes involved with retrieval and screening of articles is presented in Figure 1 . After removing duplicated articles, a total of 641 articles were screened by title and abstract and 22 full texts of these articles were reviewed. Seven articles with partially overlapping data and two articles with indiscriminate liver cancers (HCC and cholangiocarcinoma) were excluded. In the report of Wan et al, [17] one case of intra-hepatic cholangiocarcinoma (ICC) was included in the DDLT group and one case of combined HCC and cholangiocarcinoma (cHCC-CC) was included in the 
Category
Items for bias measurement Selection Statistical difference in adjuvant therapies before transplantation: P > 0.1 (1) P > 0.05 (0.5) P < 0.05 or not described (0) Statistical difference in MELD score: P > 0.1 (1) P > 0.05 and P 0.1 (0.5) P 0.05 or not described (0) Statistically significant difference (P < 0.05) in non-tumor related factors: 1 factor or less (1) Chinese Medical Journal 2019;132 (13) www.cmj.org LDLT group. This report was not excluded, as the proportions of the ICC or cHCC-CC were very low.
Discrepancies in baseline data of HCC staging were present in three articles. For these articles, only univariate analyses were conducted. One report by Sandhu et al [8] noted that "patients with tumors abutting the inferior vena cava, hepatic veins, or porta hepatis were offered only DDLT to prevent the compromising of oncological margins during the course of LDLT." Although the data Chinese Medical Journal 2019;132 (13) www.cmj.org of this report was subjected to multivariate analysis, the analysis did not adjust for the factor "tumor abutting vessel." In another report, Di Sandro et al [9] indicated that "patients with stage II HCC were proposed for LDLT" and only univariate analysis was conducted. After discussing the data of these reports within our group, these five articles were excluded [ Table 2 ]. [8, 9, [18] [19] [20] Finally, eight articles remained for our analysis. One article from the mainland of China including 6471 cases of DDLT and 389 cases of LDLT only reported DFS between the groups. The impact of this large sample study was subjected to sensitive analysis, in which the HR for DFS was combined with HR for HCC recurrence after replacing articles with data overlapping with this study. The quality of evidence was assessed by the NOS and items suggested by experts [ Table 3 ]. [5, 17, [21] [22] [23] [24] [25] [26] Characteristics of the eight studies used in our analysis are presented in Table 4 . Potential confounding factors in baselines, which showed little variation, are listed for each study. HCC within the Milan criteria was 40% to 75% in each study. Characteristics correlating with HCC staging and invasion were similar in five studies. [5, 17, 21, 22, 25] Significant differences in microvascular invasion, number, or diameter of HCC were adjusted with use of the Cox regression model in three other studies, [23, 24, 26] including the study for DFS. [26] Waiting periods, which were much shorter in the LDLT group, were reported in four of the articles. Differences in factors, such as surgery duration, graft-to-recipient weight ratio (GRWR) and graft size, showed essential distinctions between LDLT and DDLT patients, which were regarded as part of grouping factors. Thus, differences in risk for HCC recurrence between groups could be a direct or indirect result of any of these factors.
RFSs were relatively lower in the mainland of China (70.5-70.9%) as compared with that of other countries/regions (87.9-100%) and considerable heterogeneity was present between countries/regions. In the DFS study of the mainland of China, the observed high recurrence risk in the DDLT group (P < 0.001) was reversed in the adjusted comparison (P = 0.281). While in the three multivariate studies from other countries/regions, similar results were obtained from the univariate and multivariate analyses. Thus, in the studies from the mainland of China, discrepancies in baseline may reduce HCC recurrence in the LDLT group.
The seven articles included in the meta-analysis [ Figure 2 ], consisted of three articles using multivariate analyses and four using univariate analyses. In one univariate analysis, a P value was only reported as "P < 0.05," and it was set as 0.05 in the calculation for HR in the current metaanalysis. Overall, a salient result that emerged from the seven studies was a significant increased risk of HCC in the LDLT group (P = 0.01). A high level of heterogeneity was present (I 2 = 48%) among the studies, which were grouped by univariate and multivariate analyses [ Figure 3] . A high level of heterogeneity was found in univariate studies and a very low level in multivariate studies (I 2 = 61%, I 2 = 0%). The presence of a high risk in the LDLT groups was only supported by results obtained with multivariate studies.
Again, HRs of the two studies from the mainland of China showed apparent differences compared with that of the other studies. Therefore, a subgroup analysis was conducted after studies were grouped in terms of the mainland of China vs. that from the other countries/regions [Supplementary Figure S1 , http://links.lww.com/CM9/A45]. Heterogeneities disappeared for analyses performed within each subgroup (I 2 = 0%, I 2 = 0%). The increased risk in LDLT groups was only supported by results from reports of countries/regions other than that of the mainland of China (P = 0.0002). Studies were further grouped by details of policies for organ allocation. The most significant increase in HR was found in studies where organs tended to be allocated to non-tumor patients [ Figure 4 ].
A sensitive analysis was performed by removing the study with the maximum weight in the meta-analysis [Supplementary Figure S2 , http://links.lww.com/CM9/A45]. Another sensitive analysis was performed by introducing the study [26] for DFS, after two studies [17, 22] containing overlapping data were removed [Supplementary Figure S3 , http://links.lww.com/CM9/A45]. In these sensitive analyses, the overall effect or combined HR in each subgroup was not significantly changed.
Discussion
The current meta-analysis was conducted in an attempt to isolate the specific impact of surgical procedure and graft size of LDLT on HCC recurrence after reducing confounding effects from tumor features. For this analysis, the combined data of articles from different countries/ regions were included. As noted above, differences in patient selection criteria and death/dropout prior to liver transplantation may result in discrepancies in HCC staging prior to liver transplantation. Such factors can exert a serious impact on HCC recurrence. After scrutinizing the full text of related studies, five articles were excluded from the meta-analysis for uncontrolled confounding in HCC staging or patient selection [ Table 2 ]. No statistically significant differences were found for HCC recurrence in these excluded studies. In two studies, relatively low HCC recurrences were observed in the LDLT group. Only three cases in the LDLT group were included in one study, and a relatively high proportion of small HCC in the LDLT group (80.0% vs. 68.8% conforming to Milan criteria) was found in another study. Thus all excluded articles would not likely show any effects opposite to the combined result of current meta-analysis.
Tumor size/stage along with macro/microvascular invasion is considered as important prognostic factors. Though no statistically significant differences were found between baseline HCC size/staging and macro/microvascular invasion as determined using univariate analyses, differences in HCC staging or other characteristics for invasion still existed within four of the univariate studies included in our analysis. In two studies, proportions of patients with vascular invasion were quite different between the LDLT and DDLT groups (Chen et al [22] : 40.9% vs. 30.7%; Lo et al [5] : 34.9% vs. 17.6%). Data on vascular invasion were Chinese Medical Journal 2019;132(13) www.cmj.org [19] 2004, USA [20] 2015, Chinese Medical Journal 2019;132 (13) www.cmj.org not reported in one article [25] and HCC staging was only approximately matched in another. [17] The macro/microvascular invasion variable was adjusted in all three multivariate analyses, together with tumor size/stage. The prognostic values of these factors were also clearly shown in these models. Thus, among studies included in our analysis, results from multivariate analyses were more reliable than that of univariate analyses. The combined HR of meta-analysis for multivariate models showed a high risk for HCC recurrence in the LDLT group, which was concurrent with the overall results of our meta-analysis. Such findings most likely reflect a high HCC recurrence in LDLT. While we identified two meta-analyses studies on similar topics, only unadjusted results were combined in these studies. [11, 12] Potential discrepancies on baselines weakened the reliability of results in these studies. No statistically significant differences in HCC recurrence were found in one of these meta-analysis studies. [12] In the other, only a difference in DFS was found and HCC recurrence was not discussed separately. [11] The results in the current meta-analysis show a consistent high risk of HCC recurrence in LDLT.
According to the experience of liver transplant experts at our institution, preserving intra-hepatic branches of vascular or bile ducts may potentially increase HCC residue and dissemination, especially when the HCC is abutting these structures. In one report, not included in our analysis, it was noted that "patients with tumors abutting the inferior vena cava, hepatic veins, or porta hepatis were offered only LDLT to prevent the compromising of oncological margins during the course of LDLT." [8] Under conditions where similar baselines were present, 5-year cumulated recurrence rates were nearly identical between the LDLT (15.4%) and DDLT (17%) groups. This finding partially reveals the impact of surgical methods. While in one study for LDLT, a decreased RFS was found in the GRWR <0.8 group as compared with the GRWR >0.8 group (P = 0.17), and this difference in RFS was statistically significant in the subgroup of patients with HCC beyond the Milan criteria (P = 0.047). [27] Thus, an impact of graft size on HCC recurrence may also exist and contribute to the high rates of HCC recurrence in LDLT.
In the UNOS system of the United States, patients receive deceased donated livers on the bases of "urgency" and "utility." As patients with HCC that would benefit from transplantation should have a compatible prognosis with that of benign disease patients, a relatively strict criteria for transplantation was imposed upon these patients with HCC. In 2002, MELD scores were employed for donor liver allocation in the United States. Initially, a priority score was assigned to patients with HCC meeting the Milan criteria (one lesion smaller than 5 cm; or up to three lesions, each smaller than 3 cm; no extra hepatic manifestations; no evidence of gross vascular invasion). Although this priority score policy was revised, a priority score of 22 was still given to patients with HCC meeting the UNOS T2 criteria. Thus, transplants were more frequently performed in patients with smaller HCCs. Similar strategies for liver transplantation in HCC with UNOS criteria have been employed. [13] However, in Korea [28] and Hong Kong, China, [29] no priority policy exists for HCC and donor livers are allocated based only on severity of the liver disease (MELD score). In the mainland of China, the establishment of the national system was relatively late, and before that most patients have received liver transplantations primarily based upon their date of registration. Different policies for DDLT may result in discrepancies of HCC features between groups and studies. Organ allocation policies were either identical or similar with that of UNOS in three studies, which were from the United States and France. Relatively high rates of HCC recurrence in LDLT were obtained in these studies, which were similar to that found in two studies from Korea and Hong Kong, China. The priority for transplant in patients with HCC was based upon the diameter of HCC, number of lesions and vascular invasion, with all of these characteristics being discussed or adjusted in these studies. Therefore, the potential confounding effects associated with this organ policy were reduced and similar results were found among the studies. Azoulay et al, [21] Table S2 . † HCC staging between groups: similar in TNM staging or multiple pathological characteristics (1), similar in binary staging (0.5), not described (0), significant difference (excluded), adjusted by multivariate model (adjusted); post transplantation anti-HCC therapies between groups: P > 0.1 (1), P > 0.05, and P 0.1 (0.5), not described (0), P 0.05 (excluded), adjusted by multivariate model (adjusted).
‡ Quality of evidence was evaluated by items proposed by transplant experts from National Clinical Research Center for Digestive Disease (see Table 2 ). HCC: Hepatocellular carcinoma; HR: Hazard ratio.
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(1 center) Discrepancies in other characteristics of HCC may still have an impact on the results. For example, a long waiting period may increase patient dropout rates as associated with HCC progression and reduce the number of patients with invasive HCC. Under such conditions, patients with relatively advanced HCC may be more likely to select LDLT. As no priority is allocated to patients with HCC in Korea and Hong Kong, China, waiting periods can be quite long. In one study from Hong Kong, China, it was reported that approximately 80% of HCC candidates expired during the waiting period for a DDLT. [29] In the current meta-analysis, the highest HRs were found in two reports. The risk of patient dropout from waiting lists for DDLT and the need of LDLT were usually determined using multi-features of HCC, while only one to three of these features were adjusted in these studies. In this way, discrepancies in other baseline features of HCC may still increase HCC recurrence in LDLT.
One included report from the United States, [24] reviewing data from January 1998 to August 2009, found that a high recurrence of HCC in LDLT was significant before 2002 (in 2002 a priority for small HCCs was employed) and became non-significant after 2002. The number of recurrences decreased in LDLT patients with T2-stage HCC (P = 0.026) while recurrence numbers increased in DDLT patients with T3-stage HCC (P = 0.29). More donor livers were allocated to patients with HCC in the era when MELD scores were employed. Thus, reduced waiting times in patients with HCC may result in relatively increased HCC recurrence rates in DDLT patients. An approximate trend for decreased HRs with time can also be found in the forest graph of the current meta-analysis [ Figure 2 ]. Improvements in surgical techniques and waiting periods were both proposed as explanations for these results.
No mandatory allocation policy has been implemented in the mainland of China before 2010, though tumor stage and MELD scores were typically used in decisions of organ allocation. The mean and median waiting times of 45 to 47 days for DDLT patients in the mainland of China were considerably shorter than that in other countries/ regions. As a result, the impact of waiting time was significantly reduced. However, features of HCCs in LDLT and DDLT were not similar. A large sample study from the mainland of China showed significantly reduced DFS in LDLT patients (HR = 0.650, 0.514-0.823) as determined using univariate analysis but slightly increased DFS (HR = 1.418, 2.538-0.794) by Cox analysis. HCC features tended to reduce the recurrence risk in the LDLT group. Stresses in medical practice and requirements for approval by government agencies have resulted in surgeons within the mainland of China usually selecting DDLT for relatively advanced HCC. Such a tendency may then balance the impact of factors like surgical methods and graft size, and result in nearly equal risks in LDLT and DDLT, after combining HRs in this subgroup.
In conclusion, the results of our analysis indicate that there is an overall increased risk for HCC recurrence in LDLT as compared with that of DDLT. Though biases in patient selection and waiting periods may reduce the reliability of such findings, the result of meta-analysis for adjusted studies support the conclusion that increases of HCC recurrence in LDLT were due to factors other than discrepancies in HCC staging by current systems. The relatively shorter preoperative observation windows in LDLT may lead to fewer cases of HCC with invasive features being screened out, which may provide a possible explanation for the high rates of HCC recurrence. The impact of surgical methods and graft size cannot be confirmed as a contributing factor. Further studies are required to establish the exact roles of adjusting for HCC staging, patient selection, waiting periods, and perioperative treatments.
